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ABSTRACT 

The lobacet>-specific nitrosamine, 4-(methylnUrosamino)-M3*pyridyl)- 
1 -hulanone (NNK), is considered to play an Important role In the induc¬ 
tion of lung cancer in tobacco users. In rats treated with [S-TIJNNK, 29 to 
40% of the tritium bound to hemoglobin (Hb) b released by base hydrol¬ 
ysis as 4-hydro xy-l-{3-pyridyl)-l-bulanone (HPB). This HPB-releasing ad¬ 
duct has been quantified in tobacco users and is considered a biochemical 
marker for uptake and activation of tobacco-specific nitrosamines. In this 
paper we report the formation of this adduct in red blood cells {RBQ 
cultured for 2 h with hepatocytes and 5 pm NNK (6J5 * 0J1 fnaol 
HPB/mg Hb). The HPB*releasing adduct was toot formed in RBC in the 
absence of hepatocytes {<0.5 fmol/mg Hb). Therefore, fbe HPB-releasi*g 
adduct must form from a pyrldyloxobutylatlng metabolite at NNK which 
traveled out of the bepalocyies and into RBC where It reacted with Hb. 
Other distinct Hb adducts were formed when NNK was Incubated with 
RBC alone. 4-Oxo-4-(3-pyridy1)butyric add was detected by radio Row 
high-performance liquid chromatography In the media of these Incuba¬ 
tions. The Hb Isolated from RBC incubated with [C 3 Hj)NNK contained as 
much as 10 times more covalently bound tritium than the Hb from 
[5- 5 H]NNK-treated cells. [C^HjH-Methythlstidlne and iC^HjI-S-roethyl- 
cystelne were formed when [C 3 HjINNK was incubated with the 25.0M X 
g supernal *nl from RBC. This supernatant contains 50 mg Hb/mL We 
propose (hat Hb mediates a hydroxylation of NNK at the mclhykwe 
carbon. The a-hydroxy nitrosamine formed decomposes to methaned^az- 
ohydroxide and 4*oxo-l-{5-pyridyJ)butanat. TV former would methylate 
nucleophilic sites in Hb, Le~, cysteine and histidine. The latter would bwd 
to Hb or be further oxidized to 4-oxo-4-(3-pyrldyl)butyrk arid. The ftbSky 
of the RBC to activate NNK to Hb-binding species stresses the Importance 
of understanding how a particular adduct Is formed prior to Its use as a 
biochemical marker or internal dose monitor. 

INTRODUCTION 

Carcinogen hemoglobin adducts have been proposed as biochemi¬ 
cal markers which may be used to measure the internal dose of an 
activated carcinogen (1-3). Thus, hemoglobin adducts act as surrogate 
measures for DNA adducts, This relationship, between DNA and 
hemoglobin adducts, assumes that the reactive metabolite which binds 
to each of these macromolecules is the same, or that the formation or 
one correlates with the other. The simplest mechanism is that the 
carcinogen is activated in one tissue, for example the liver, and the 
metabolite formed then enters the RBC. 

Hemoglobin adducts of NNK 1 have been proposed as biochemical 
markers of the ability of an individual tobacco user to activate this 
lung carcinogen (4-6). NNK is a tobacco-specific ntLrosamine which 
is activated by cc hydroxylation in a number of different tissues and 
species ( 7 - 10 ) The hydroxynitrosamincs / and 2 formed, decompose 
to methanediazohydroxide 6 and 4-oxo-4-(3-pyridyl)-butanediazohy- 
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droxide 3 and the corresponding aldehydes 4 and 5 (Fig. 1). The 
diazohydroxides react with both DNA and hemoglobin. In rats treated 
with (5- 3 H]NNK, 20-40% of the tritium bound to hemoglobin is 
released upon hydrolysis with base as HPB (4, 11). The HPB-releasing 
adduct is an ester of aspartic or glutamic acid (12). This adduct has 
been quantified in tobacco users, and is considered a biochemical 
marker for uptake and activation of carcinogenic tobacco-specific 
nitrosamincs (6). 

In this paper, we describe the use of an in viirv system composed of 
a monolayer of hepatocytes and RBC suspended in the Culture media 
to study the mechanism of formation of the HPB-releasing adduct in 
hemoglobin. The data presented here provide evidence that this adduct 
is formed by a metabolite of NNK produced in hepatocytes, and 
transported into RBC. In addition, we observed the formation of other 
NNK hemoglobin adducts in the absence of hepatocytes. That is, 
incubation of RBC alone with [5- 3 H]NNK resulted in the generation 
of [5- 3 HJNNK metabolites which were covalently bound to hemoglo¬ 
bin. The pathway by which this may occur was investigated. 

MATERIALS AND METHODS 

Chemicals. [5-*H]NNK (2.1 or 1.84 Ci/mmol) and lC s Hj|NNK (1.06 Ci/ 
mmol) were purchased from Chemsyn Science Laboratories (Lenexa. KS). 
f5-'H]NNK contains tritium in position 5 of the pyridine ring. NNK metabo¬ 
lites were synthesized as previously described (E 3. 14). Williams* medium was 
purchased from Flow Laboratories (Rockville. MD). ^-Glucuronidase Type 
IX-A and all methyl amino acids were obtained from Sigma Chemical Co. (St. 
Louis. MO). 

Isolation or RBC and Hemoglobin Solutions. Stx to 10 m! of blood were 
drawn from a volunteer and collected in an EDTA-conuining tube (Vacutatner. 
Becton Dickinson, Rutherford, NJ). RBC were pelleted at 900 X g and the 
supernatant and buffy coat were removed. The RBC pellet was washed 3 times 
in 0.9% NaCl solution. After the final wash, the pellet was resuspended in a 
volume of 0.9% NaCl solution equal to the original volume of blood. Care was 
taken to ensure that no WBC were present in the final RBC pellet. In several 
instances the RBC fraction was obtained by using a colloidal silica density 
gradient (Scpracell-MW. Sepratech. Oklahoma City. OK). The density gradient 
allows complete separation of the WBC and RBC. The use of RBC purified in 
this manner did not change the outcome of any of the experiments described 
below. Hemoglobin solutions were prepared from frozen RBC pellets as pre¬ 
viously described ( 4 >. Briefly, the RBC are Jysed in H3O. an equal volume of 
0.67 w potassium phosphate buffer (pH 6.5) is added, and the resulting solution 
is centrifuged at 25,000 x g for 25 mm. The supernatant, containing hemo¬ 
globin, is dialyzed against several changes of H : 0. To study the ability of 
hemoglobin to activate NNK. a freshly prepared 25,000 x g supernatant from 
rat or human RBC was used The concentration of hemoglobin was determined 
as cyanomcthemogiobin (Sigma Kit 525A). 

Isolation and Cmlturing of Hepatocytes* Hepatocytes were isolated from 
male F344 rats (Charles River, Kingston. NY) by collagenasc perfusion as 
described previously (15). Viability, as measured by trypan blue exclusion, was 
from 85 to 90%. The hepatocytes were plated at a density of 3 x 10* cells/ 
culture dish (100 mm} in Williams' media and cultured for 2-3 h under an 
atmosphere of 95% 02^5% C0 2 at 37*0. After 2-3 h. essentially all the 
hepatocytes were bound to the plate. The medium was then replaced with fresh 
Williams' medium containing 5 jim [S-’HJNNK. 

Metabolism of NNK by Hepatocytes, Hepatocytes plus RBC, and RBC 
Alone. Two groups of culture dishes containing 3 X tO 6 hepatocytes prepared 
as abo\e were incubated at 37°C under an atmosphere of 5% COy95% 0?. 
with rocking (10 ipm). The dishes in one group contained 6 ml Williams' 
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medium with 5 jiu [5-*H)NNK. The second group contained 5 ml Williams’ 
media and 1 ml of a freshly prepared RBC suspension with 5 jim {5- 3 H]NNK. 
A third group of dishes contained 5 mi Williams* media. 1 ml RBC with 5 
[5-'HjNNK. but no hepatocytes. With each experiment, a control dish was 
incubated which contained only [5-'H]NNK and media. After 2 to 18 h of 
incubation the medium, or the medium containing RBC. was removed from the 
plate. The RBC were pelleted by centrifugation at 900 X g. The supernatants 
and the media from dishes containing hepatocytes only were frozen at -2CPC 
until analysis. The pellet was washed 4-5 times in 6 ml of 0.9% NaG solution. 
The final wash contained less than 200 dpm/ml The RBC pellet was stored m 
-20X until analyzed. 

Analysis of NNK Metabolites. The medium from each of the culture 
dishes was mixed with reference metabolites and analyzed by HPLC with radio 
flow detection (Flow-one/beta detector. Radiomatics Packard Instrument Co.. 
Meridian. CT), The metabolites were separated on i Phenomonex Bondclooe 
10 C it column < 300 x 3.9 mm, Torrance, CA1 with a linear gradient from 100% 
solvent A (20 mvi sodium phosphate buffer. pH 7.0) to 70% A:30% methanol 
in 60 min. flow 1 ml/min (system I). A second HPLC system (II) used a 
Whatman Panisphere C| B column (Krackler Scientific. Inc., Albany. NY). 
Metabolites were eluted with a linear gradient from 100% solvent A to 92% 
solvent A:8% methanol in 16 min. followed by 15 min it 92% solvent A:8% 
methanol, then a second linear gradient to 30% methanol in 39 min. The flow 
was I ml/mm. A third system (III) was used to confirm the identity of OPBA 
(16). This metabolite was collected from system L then injected oo a Bond- 
done 10 Ci* (300 X 3.9 mm. Phenomooex) column and eluted with 10-nun 
isoctatic flow, 100% 20 mM sodium Kcuie. pH 45 (solvent A), followed by 
a linear gradient from 100% solvent A to 50% solvent A:50% solvent B (50% 
methanol:HjO) in 50 min. HPB and OPB coelute in system 1. To determine the 
relative amounts of each in this peak, it wax collected and den v at i zed with 
sodium bisulfite. The HPB and OPB bisulfite adduct were then separated by 
HPLC analysis as described previously (17). 

Activation or 15- X H)NNK and [C J H>JNNK by Hemoglobin. Four ml of 
Williams* media and 2 ml of a freshly prepared hemoglobin solution (the 
25,000 X g supernatant containing 49.6 mg hemoglobin/ml) and either 5 ja* 
1C 3 H,*JNNK or 5 pm 15- : 'H)NNK were mixed in a lOQ-mm culture dish. The 
mixture was incubated with rocking (10 rpm) at 37°C under an atmosphere of 
5% C0 2 :95% O} for 18 h. The hemoglobin solution was then dialyzed exten¬ 
sively against 500 ml HjO (4 times. 2 h each, and once for 18 h) to remove 
unbound NNK and NNK metabolites. 

Analysis of Hemoglobin for Total Tritium ud pHJHPB, Gk>bin was 
isolated from 15-'H]NNK- or JC 3 Hi]NNK-treated hemoglobin, and hemoglo¬ 
bin obtained from (C*HjJNNK- or l5* 3 H)NNK-treaied RBC, by precipitation 
with acidic acetone (4. 18). RBC and hemoglobin solutions obtained from 


F344 rats as well as from humans were used as noted. Prior to precipitation of 
globin any unbound moated NNK or metabolites were removed by extensive 
dialysis. The absence of unbound f s H]HPB in the hemoglobin solution was 
confirmed by applying a portion of the solution to a Cenlricon centrifugal 
microconcentrator (Amicon. Beverly. MA) and analyzing the filtrate by radio 
flow HPLC. using system I. The precipitated globin uvas washed with ice-cold 
acetone and dried in an oven overnight at 30°C. 

To determine total tritium bound, 5-10 mg globin were dissolved in 1 ml 
0.01 u HC1. The average radioactivity present in 3 aliquots was determined by 
liquid scintillation counting in Monofluor (National Diagnostics, Somerville. 
NJ). The protein content of the globin solution was determined by using the 
Bio-Rad (Richmond, CA) protein assay, and the extent of binding was ex¬ 
pressed as fmol total metabolites bound per mg globin. The pHjHPB released 
from the globin was determined as described previously (II). Briefly, globin 
(—100 mg) was dissolved in 1-2 ml 0.10 u NaOH and sooicaliy dispersed for 
1 h at room temperature. One aliquot was removed for protein determination, 
and a second for the determination of iota! radioactivity by scintillation count¬ 
ing. Unlabclcd HPB was added as an internal standard, then the solution w' 
neutralized and the precipitated globin was removed by centrifugation. . 
supernatant was extracted 3 times with methylene chloride, which was then 
evaporaied to dryness. The residue was dissolved in H*0 and analyzed by 
HPLC (system 1). 

Analysis of Methylated Amino Adds. Globin (5-10 mg) was hydrolyzed 
in 1.0 ml constant boiling 6 n HCI at I20°C for 18-24 h. The hydrolysis was 
performed in 5-ml vacuum hydrolysis tubes (Pierce). The 6 s HCI was re¬ 
moved. and the amino acids were dcrivarized with pbenylisothiocyanatc (Ref, 

19. The Picotag Method. Waters. Milford. MA). The amino acids were sepa¬ 
rated by HPLC analysis on an Alltech Econospbere C* column (4.6 x 250 mm. 
Deerfield. 1L). Solvent A was 0.5 n ammonium acetate. pH 6.8. and solvent B 
was 0.5 m ammonium acetate. pH 6,8. in 80% methanol. The amino acids were 
eluted as follows: from 0-12 min solvent A was decreased linearly from 100 
to 80% and solvent B increased to 20%, from 12-30 min the percentage of 
solvent A to solvent B decreased linearly to 60% A:40% B. then from 30-60 
min to 40% A:60% B. The flow rate was I ml/min and the elutant was 
monitored for UV absorbance at 254 nm and for radioactivity. 

Methyl esters of aspartic and glutamic acid are unstable to 6 * HCI hydrol¬ 
ysis. The stability of other methylated amino acids lo these conditions was 
determined. Greater than 90% of the O-meihyltyrosine and O-tnethylserine 
were convened to tyrosine and senne, respectively. 5-Methykystcine, N-t- 
methyllysine, and 1- and 3-methylhistidine were stable. 

Separation of a and 0 Chains of Hemoglobin. Globin prepared from 
hemoglobin treated with either (5- 5 H|NNK or.[C 3 H 3 JNNK was separated by 
HPLC into its a and 0 chains (20), A solution of hemoglobin (2 mg/m!) w as 
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injected on a Vydac 2I4TP4 C 4 column <4.6 x 250 min. Krackkr Scientific. 
Inc.) Solvent A 80% H>O;20^ CHjCN, 0.1% irifluoroacetic acid and 
solvent B was 40% H:jO: 60% CHjCN:0.l% irifluoioacetic acid, The subunits 
of globin were eluted wjth a linear gradient form 45% solvent B to 65% solvent 
B in 70 mm. The flow rale was l m 17min and detection was by LTV absorbance 
at 254 nm. Two-min fractions were collected from 0 to 50 min. and the 
radioactivity present in each was determined by liquid scintillation counting. 

RESULTS 

The media from primary cultures of rat bepatocytes incubated with 
(5- 3 HJNNK in the presence and absence of human RBC was analysed 
by radioflow HPLC. As a control. RBC alone were incubated with 
|5- 3 H]NNK and the media were analyzed. Representative chromato¬ 
grams from 2-h incubations are presented in Fig. 2. The arrows 
indicate the elution times of synthetic metabolite Slandards. The data 
for the hepatocyte incubations are quantified in Table I. for 2- and 
18-h incubations. Both bepatocytes and RBC alone reduced NNK to 
NNAL. The major product of NNK a hydroxylation produced by rat 
bepatocytes was OPBA. HPB was also formed but to a much smaller 
extent. The radioactive peak coeluting with HPB was determined to 
contain no OPB. This aldehyde coelutes with HPB in HPLC systems 
1 and II. A relatively large amount of 4-hydroxy-4-(3-pyridyl)-|.bu¬ 
tyric acid was produced. This is the product of a hydroxylation of 
NNAL. 

Surprisingly, when [5-*HJNNK was incubated with RBC alone, 
OPBA (150 pmol/ml RBC, at 2 h) was released into the medium. The 
identity of this peak was confirmed by analysis with the use of two 
different HPLC systems. No other products of a hydroxylation were 
detected, 

In 2-h incubations with hepatocytcs and RBC. the amount of NNAL 
formed increased compared to that formed by bepatocytes alone 
(Fig. 2). This increase is probably due to the presence of carbonyl 



Fig 2 Radionow HPLC thirrniaiojrxm of 5 uu [5-'HlNNK metabolites released imo 
the a 2-h incubation with. A. human RBC only; B, human RBC + rat 

ics, C, rat hepatocytcs only The arrows indicate the elution of metabolite stan¬ 
dard', l fPLC system I, 100 injection). HPB A. 4-hydroxy -4-(3-pyndylM-butyric/ acid; 
iXoi. i.piydr* >'• y-1 -0*p>ndyl ibutanol, 


Table I Metabolites of -WAT formed by rat hrpatocytts n* presence or absence 
of BBC* 


Metabolite* 

Hepatocytcs only 

in - 2)* 

Hepatocytcs + RBC 
(■ = 4) 

2 h 

18 h 

2 h 

18 h 

HPBA’' 

122 

776 

130* 14 

1030 * 140 

OPBA 

480 

2120 

491 ± 37 

1368*56 

NNAL-/V-o*idc 

6.5 

no 

11 * U 

191*21 

Dial (32 min)* 

12.1 

151 

70 ±5 

672 ±60 

Unknown (34 min) r 

29,8 

419 

57 ±5 

746*38 

NNK-A r -oxide r 

83.2 

412 

108* 13 

446 * 47 

HPB 

66.2 

119 

36*5 

26*4 

NNAL 

$68 

296 

777 * 41 

383* 115 

NNK 

3680 

300 

3470 ± 67 

266 ± 128 


9 Rat bepatocytes <3 X JO 6 cclls/dishlin Williams* media at 3? ®C were incubated with 
5 pM NNK <1.84 Ci/mmol) for 2 or 18 h. Foe each time point 2 dishes were incubated with 
hcpaiocytes only and 4 dishes with bepatocytes plus 1 ml washed human RBC<roe*n £ 
SD). 

* The media were analyzed foe metabolites (pmol/ml media) by radio flow HPLC, 
system 1. as described in ’'Materials and Methods.** aed illustrated is Fig. 2. 

‘ The values are the avenge of 2 detenu nations, which agreed within 10%. except 
NNAL oxide at 2 h k the values were 8.1 and 5.0 pmol/ml. 

rf HPBA. 4-hydroxy-4-{3-pyridy!)-l-butyric acid; DioL 4-hydroxy-M3-pyridyI>bu- 
tanol. 

* The radioactive peaks coeluting with these standards overlapped, therefore the values 
listed are estimates. 

reductase in RBC. In addition, the amount of HPB decreased while a 
new peak appeared at 32 min and the peak at 34 min increased. The 
former coeluted with 4-hydroxy-1-(3-pyridyl)butanol and the latter 
did not coelute with any of the standard metabolites included in these 
analyses. After 18 h the relative amounl of this unknown peak in¬ 
creased 13-fold. The identity of this peak was further investigated. 

Previously Morse et al. (21) reported the presence of a glucuronide 
of NNAL in the urine of rats administered NNK. This metabolite 
eluted just prior to NNK-N-oxidc as did our unknown. The HPLC 
system used in that study was the same as that used to obtain the 
chromatogram in Fig. 2. We were able to clearly separate the radio¬ 
active peaks coeluting with 4-hydroxy-l-(3-pyridyl)butanol and 
NNK-iV-cxide from the unidentified peak by using a different C, 8 
HPLC column with a modified gradient (Fig. 3. A and B ). When the 
media from these incubations were treated with /3-glucuronidase prior 
to HPLC analysis, the peak at 32.5 min (our unknown) disappeared 
and the NNAL peak increased a corresponding amounl (Fig. 3C; Table 
2). Therefore, the unknown has been identified as a glucuronide of 
NNAL. More of this conjugate was present during coincubations of 
bepatocytes with RBC (Table 1, unknown peak). This is most likely 
due to the additional NNAL formed by RBC. A small unknown peak, 
eluting at 27 min also disappears after (3-glucuronidase treatment and 
the amount of HPB increases (Fig. 3). The HPB peak was collected 
and determined to contain no OPB. 

Globin from RBC which were incubated with [5-'H]NNK in the 
absence or presence of bepatocytes was isolated and analyzed for HPB 
released by base treatment. The only radioactive metabolite detected 
after base treatment of globin from RBC coincubated with hepatocytcs 
was HPB. No [5-'HlHPB was released from globin isolated from 
RBC treated with {5- 3 H|NNK in the absence of bepatocytes. These 
data are presented in Fig. 4 and Table 3. To assure that the globin was 
free of unbound HPB formed by the bepatocytes. * portion of the 
dialyzed hemoglobin solution was concentrated on an Amieon mem¬ 
brane filter and the filtrate was analyzed for HPB by radio flow HPLC. 
No HPB was detected. 

Interestingly, a significant amount of radioactivity was covalently 
bound to the globin obtained from RBC incubated with [5- 3 H)NNK in 
the absence of hepatocytcs. To further investigate the nature of this 
binding. RBC or freshly isolated hemoglobin solutions were incubated 
with either |C’H 3 ]NNK or |5- 3 H|NNK. Using RBC or a hemoglobin 
solution from rat or human, the amount of total tritium bound to 
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HPBA OPBA oxide NNAL NNX 



Fig. J Radioflow HPLC chromatogram of the medium from an 18-h incubation with 
hepatocytes, RBC. and 5 pM J5- 3 HJNNK before (ff). and after (C) f3-gh»curonidasc 
treatment (HPLC system S\. 100-pI injection). jC chromatogram with UV detection from 
a cotnjection of NNK meubothe uandarck 


Table 2 Effect of glucuronidase treatment on NNK metabolites formed during 
voirurubation of rat hepaiocytff and RBC with fS- *H}NNK“ 


Metabolites* 

- glucuronidase 

- 1 - glucuronidase 

HPBA' 

920 

1010 

OPBA 

1430 

1330 

NNAL-tV-oxkie 

186 

172 

NNAL glucuronide 

929 

ND 

NNK^N-oxide 

172 

133 

D»t f 

752 

747 

HPB 

23 

147 

NNAL 

Mi 

IJ70 

NNK 

173 

176 


* One ml of media from each sample in Tabic I Was iftCubatcd with l teg $-g]liCU- 
ronidase for 16 h at 37°C- 

* The metabolites (p mo I/m I media) were quantified by radio flow HPLC, system II 
described in "Materials and Methods' and illustrated in Fig. 3 The values in this table are 
for ooe sample, from an IS-h incubation of NNK with hepatocyies and RBC. 

f HPBA. 4-hydro*y-4‘<3-pyridylF J-butyric acid. Did). 4-hydroxy-1-(3-pyndyllbu- 
unot, ND, not detected. 


globin was 3.7- to 10-fold greater with NNK tritiated in the methyl 
group than when the pyridine ring was tritiated (Table 4). The amount 
of tritium bound to human hemoglobin was less than that bound to rat 
hemoglobin for either (5- 3 HjNNK or [C-'H;,]NNK. A number of fac¬ 
tors could contribute to this; for example, different uptake of NNK by 
human and rat RBC and differences in the level of binding of NNK 
metabolites to rat and human hemoglobin. The latter would be the 
result of the different amino acid content of hemoglobin in these iwo 
species. 

To confirm that the tritium was covalently bound. [ ’HJglobin was 
separated into its a and fi chains and each was analyzed for the 
presence of tritium. The data presented in Fig. 5 are for hemoglobin 
treated with IC'HjJNNK- The radioactivity coeluted with the f) chain 
as it did for 15- 3 H)NNK-treated hemoglobin (data not shown). Inter¬ 
estingly. the radioactive peak from (5- J H jNNK-lreatcd hemoglobin 
eluted slightly earlier than that from |C 5 Hj)NNK-treatcd hemoglobin. 


This is consistent with the radioactive modification of the globin being 
different for [5--’H]NNK and [G'HjJNNK.. That is. ihe tritium present 
is not due to bound NNK. but rather to attachment of different me¬ 


tabolites. One contains a [C’HjJmethyl group and the other contains 
the [5--'H]pyridine ring. 

The presence of methylated amino acids in the [C'H_,JNN’K-treated 
hemoglobin was determined. Globin was hydrolyzed in 6 v HC1 and 
the amino acids were analyzed as their phenylisothiocyanate deriva¬ 
tives by radio flow HPLC. Two major radioactive peaks were detected 
(Fig. 6). These peaks coeluted with 1-methylhistidine and 5-methyl- 



Fig. 4 Chrocnaiogmm obtained upon KPLC analysis of CHjO? extracts of base- 

treated globin after coincubation of RBC with hepatocytes and 5 jim |5-*H)KNK for 2 h 
(HPLC system 111). 


Table 3 Levels of total binding and 15- l H}HPB released from globin of RBC 
incubated with /3~7fJNW 


Sample 

HPB reined* 

Tola) binding h 

Hepatoeytt* + RBC 

(n = 4j 2 h 

6.35 x 0 21 

55-9 ±2.7 

(n 4) IS h 

13.6 ±3.6 

218 ±43 

RBC only 

(n * 21 2 h 

ND‘ 

56.7' 

(n ^ 2) 18 h 

ND' 

229' 


° RBC from I ml of human blood were incubated with 5 pM fS*'HJNN*K (1.84 
Ci/mmol) with or w ithout hepaiocytes (3 x 10* cells) at J7*C in Williams* media. Globin 
was isolated (^100 mg/dishl and analyzed Teetotal tritium bound or I V H|HPB released by 
ba« ircatment (details are described in ’’Matenik and Methods”). 
h freol/mg globin. 

* ND. not detected (<0.5 fmol/mgl. 

Average of 2; 58.7.54.8. 
r Average of 2: 232. 226. 


Table 4 tiemagtobin actuation of NNK to a fhibin-binding species" 


Sample 

Total binding (fmdl/mg giohinl* 

ll-'HINNK' 

|C*H,|NNK rf 

Rat RBC 

440 

4.880 

Rat hemoglobin 

1.200 

11300 

Human RBC 

150 

54S 

Human hemoglobin 

730 

4J70 


° Freshly isolated RBC or hemoglobin from I ml of blood were incubated with 5 mm 
NNK in WiHian*' media m an atmosphere of 95* O r :5* CO = at 37"C for 18 h Globin 
was prepared from each and analysed for (oul tritium binding. 

* Values are the average of the data obtained in 2 experiments In each experiment 
globin w« devolved in 0.0) '*■ HO and the radioactivity present m 3 aliquots was 
determined by liquid scintillation counting. 

r Specific activity. 2.1 or I 5-» Cstamol. 

* Specific activity, i,06 Ct/tnmcrl. 


730 
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Time (min) 

Ft*. 5. HPLC chromatogram obuined oniCj reverse-phase column of (C'tli INNK- 
muted n[ hemoglobin The a chains elute between 21 and 26 mm and the 3 chain I no 
32 to <2 min. 

cysteine and accounted for 30-50% of the total radioactivity in the 
sample. Ten to 15% of the radioactivity was lost upon 6 n HC1 
hydrolysis and concentration of the sample. The figure shown is for rat 
globin The same result was obtained from human globin; that is. the 
only significant radioactive amino acids delected were 1 -methylhisti- 
dinc and S-methylcysicine in approximately the same amounts. No 
3-methylhistidine (retention time. 29 min) was formed in rat or human 
hemoglobin. 

DISCUSSION 

In this study we have demonstrated the formation of the HPB- 
relcasing hemoglobin adduct in RBC coincubated with hepatocytes 
and NNK. This adduct was not formed in the absence of hepatocytes. 
Base treatment of NNK-modified hemoglobin releases HPB from 
esters of aspartic or glutamic acid. The esters form from the reaction 
of 4-oxo-4-(3-pyridyl)butanediazohydroxide with hemoglobin (4. 12). 
Therefore, the hydroxynitrosamine / or the diazohydroxidc J. formed 
in the hepatocyte. traveled out of this cell and into the RBC. where it 
reacted with hemoglobin. 

Previously. Kim el at. (22) reported evidence that hydroxymethyl- 
methylnitrosaminc or melhanediazohydroxtde can penetrate the RBC 
membrane, [n their study. 1- and 3-methylhistidinc and 5-tnethylcys- 
teine were identified in hemoglobin of RBC that had been incubated 
with NDMA and rat liver microsomes. The ability of the methylating 
species to travel out of hepatocytes was demonstrated by Umbenhauer 
and Pcgg (23). They incubated rat hepatocytes with NDMA in the 
presence of calf thymus DNA. and demonstrated the presence of 
CT^-methylguanine in the extracellular DNA. The data presented in our 
study are the first to provide evidence that an activated nitrosamine 
travels out of the cell in which it was metabolized and into RBC. This 
is analogous to whal would happen in vivo to form a ntlrosamine- 
derived hemoglobin adduct. 

A second result of this study was the detection of NNAL glucu- 
ronide as a metabolite of NNK in hepatocyte cultures A! leas’, ora 
other glucuronide was released into the medium when l-epatocytes 


were incubated with NNK (27 min; Fig. 3). Treatment with 0-glucu¬ 
ronidase released HPB from this conjugate. Thts glucuronide was 
observed in incubations of hepatocytes alone and was more pro¬ 
nounced at lower concentrations of NNK, where the relative amount 
of NNAL formed is less (data not shown). This suggests the formation 
of a glucuronide conjugate of HPB or a glucuronide of the o-hydrox- 
ynitrosamine (Fig. 1). After 0-glucuronidase treatment of the latter the 
resulting cr-hydroxynitrosamine would decompose to HPB. The iden¬ 
tity of this glucuronide is under investigation. 

A completely unexpected outcome of our study on NNK hemoglo¬ 
bin adducts in vitro was our observation that RBC alone are capable 
of activating NNK to a hemoglobin-binding species. We propose that 
hemoglobin can metabolize NNK by a hydroxylaiion of the methyl¬ 
ene carbon (Fig. 7). It has been reported by several mvestigaiors that 
hemoglobin has monooxygenase activity toward many different sub¬ 
strates. For example, hemoglobin mediates hydroxylation of aniline 
and other aromatic amines (24, 25). hydroxylation of cyclohexane 
(26), and epoxidalioo of styrene and 7,g-dihydroxy-7,g-dihydrobenzo- 



Fig 6 Chromatogram obtained upon C* reverse-phase HPLC analysis, of 6 n HO 
hydrolysate of r»i [C'Hjjglobm. Poor to HPLC. unino aodi were denvacized with 
pr.rnylrMiihiocyanate. Top, UV deiOCHOn of loial amino acidi in rai globin; boiiom. radio 
.leiecuan of [C'Hj)amino Kids, 
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Fig 7. Proposed pathway for RBC-mediatcd metabolism of NNK. 


amino acids a re formed from Ihc reaction of methanediazohydroxide 
with these nucleophilic sites in hemoglobin, it is interesting that these 
were the major methylated amino acids detected. If the heme group is 
involved in the activation of NNK to methanediazohydroxide. /3-eys- 
teine 93 and histidine 92 are the closest nucleophiles. 

Hemoglobin adducts are proposed as measures of the internal dose 
of the activated carcinogen. Therefore, the adduct should be a measure 
of an individual's capacity to meiabolically activate the carcinogen. If 
hemoglobin is capable of activating a carcinogen to a particular ad¬ 
duct, then this adduct is not a good dosimeter. In the case of NNK. the 
HPB-releasing hemoglobin adduct is formed from a metabolite of 
NNK produced in bcpaiocytcs which travels out of that cell and into 
RBC. But, other NNK hemoglobin adducts arc formed by RBC in the 
absence of any exogenous activation system. Therefore, this second 
type of NNK adducts would not be good dosimeters, nor would the 
adducts of other carcinogens generated by a hemoglobin-mediated 
reaction. 


The authors thank Nci! Tmshin for developing the HPLC system lo scp.rra. 
the NNAL glucvromde conjugate from other NNK metabolites, and Deborah 
Spina for her assistance in some of the analyses. 
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ftjjpyrene (27-29J. The mechanism by which these reactions occur is 
not well characterized. In most of these studies additional reducing 
agents such as P450 reductase and NADPH have been added. Catal¬ 
ano and Ortiz dc Momellano (28. 29) have investigated the mecha¬ 
nism or epoxidation of styrene and 7,8-dihydroxy-7.8-dihydrobenzo- 
(a)pyrene by purified hemoglobin and H 3 Ov They concluded that 
Hj 0 2 reacts with methemoglobin IFe(III)! to generate a [Fc(IV)=0| 
protein radical. This radical can catalyze epoxidation by 3 different 
mechanisms: (o) fcrryl oxygen transfer: (b I protein-mediated cooxi- 
dation: (c) proton abstraction, followed by the addition of H-O. 

In our studies on NNK activation by hemoglobin, no exogenous 
H 3 0 2 was added. A small amount of HjO, is generated in RBC. The 
autooxidation of hemoglobin produces methemoglobin and super- 
oxide; the latter dismutates to yield H.O- (30, 31). Therefore, the 
[Fe(IV>=0] protein radical could form from the methemoglobin and 
H 2 Oj generated by autoxidation of hemoglobin in ihe RBC. We pro¬ 
pose that this radical would abstract a hydrogen from the methylene 
carbon of NNK as opposed to the methyl carbon. Recombination of 
the NNK radical with a hydroxy radical released from methemoglobin 
{Fe(IIl)—OH] would form the hydroxylated nitrosamine 1. Meihe- 
moglobin would form from ihe [l ; c(IVj~,-0] protein radical. This 
mechanism of NNK a hydroxylaiion is analogous to the pathway of 
NDMA metabolism proposed to involve an ct nilros.irr.ino radical 
132) As illustrated in Fig. 7, the hydroxylated nitrosamine decom¬ 
poses to OPB and methanediazohydroxide. The former would further 
oxidize to OPBA. which was identified in the incubation media. No 
OPB was delected in the media. But there was a significant amount of 
tritium bound to hemoglobin of RBC treated with IS-’HJNNK. which 
was not released upon base treatment One source of these adducts 
may be the reaction of OPB with globin. Peterson* has characterized 
A , -(5-amino-5-carboxylbutyl)-2-(3-pyridyl(-pyrrole as a stable prod¬ 
uct of the reaclion of OPB with lysine. In future studies to characterize 
NNK hemoglobin adducts, both in vivo and in viin>, we plan to look 
for this modified amino acid. 

We have identified S-mcthylcysteine and 1 -methylhisiidtne as prod¬ 
ucts of the reaclion of NNK with hemoglobin. These methylated 


*L A Peterson, unpublished results. 
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